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Abstract

Recent theoretical work for Ga.Mn,N predicts ferromagnetism in this materials system with Curie temperatures above room temperature.
Ferromagnetic behavior observed in;GMn,N is still controversial, as there are conflicting experimental reports owing to the disparity in
crystalline quality and phase purity of GaMn,N produced by different methods. In this work, metal—-organic chemical vapor deposition (MOCVD)
has been used to grow high-quality epitaxial films of G®In,N of varying thickness and manganese doping levels usinlyl@ps the Mn source.
Crystalline quality and phase purity were determined by high-resolution X-ray diffraction, indicating that no macroscopic second phases.are forme
Atomic force microscopy revealed MOCVD-like step flow growth patterns and a mean surface roughness of 0.378 nm in optimally grown films,
which is close to that from the as-grown template layer of 0.330 nm. No change in the growth mechanism and morphology with Mn incorporation is
observed. A uniform Mn concentration in the epitaxial layers is confirmed by secondary ion mass spectroscopy. SQUID measurements showed ¢
apparent room temperature ferromagnetic hysteresis with saturation magnetizations qfg©én 2t x =0.008, which decreases with increasing
Mn incorporation. Upon high-temperature annealing, numerous changes are observed in these properties, including an increase in surface roughn
due to surface decomposition and a large decrease in the magnetic signature. A similar decrease in the magnetic signature is observed upon
doping with the shallow donor silicon during the growth process. These results demonstrate the critical importance of controlling the Fermi level
relative to the MA*3* acceptor level in Ga,Mn,N in order to achieve strong ferromagnetism.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Doping; Metalorganic chemical vapor deposition; Magnetic materials; Semiconducting compounds

1. Introduction promise for seamless integration with existing semiconductor
technology.
Recent predictions of room temperature ferromagnetism in  The most widely studied of these Ill-V DMS compounds
novel semiconductor materials have spawned a great intereist Ga,_,Mn,As [4], which exhibits a close coupling between
in semiconductor-based spintronidg. In pursuit of this goal, the carrier concentration and Curie temperatisie and has
dilute magnetic semiconductors (DMS), which consist of semiteen demonstrated to be effective at providing a spin injection
conductors doped with rare earth or transition metals to providé&yer in optically based devic¢8]. Unfortunately, in this mate-
magnetic functionality, have been studied for use in spintronicials system the Curie temperature is limited to well less than
devices because of their unique electrical and magnetic prof200 K, which renders the system unsuitable for practical pur-
erties[1-3]. These properties allow control of electron spin asposes. One methodology for enhancing the Curie temperature
well as charge flow, making the materials ideal for spintronicis to employ smaller bond length materials with lower spin-
applications; their similarity to existing semiconductors showsorbit couplings, as would be found in transition metal-doped
nitrides. Ga_,Mn,N films that exhibit ferromagnetism above
room temperature are now possible due to recent developments
* Corresponding author. in the growth of DMS. Room temperature ferromagnetism has
E-mail address: ianf@ece.gatech.edu (I.T. Ferguson). been observed in Ga,Mn,N films grown by metal organic
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chemical vapor deposition (MOCVD7Y], molecular beam epi- cursors. All films were grown near standard GaN growth temper-
taxy (MBE) [8], Mn-implanted GaN epilayerf9], and post atures on 2 sapphire Q 00 1)substrates. Initially, GaN buffer
growth diffusion of Mn into GaN[10]. Ferromagnetic behav- layer templates with a thickness of 1xgh were grown, fol-
ior is still highly controversial, as there are several competindowed by Ga_,Mn,N with thicknesses ranging from 300 to
theoretical approaches to explain the origin of room temperatur@000 nm. Ammonia, trimethyl gallium (TMG), trimethyl alu-
ferromagnetism in group Il nitridefd,11-13] The thermody- minum (TMA) and bis-cyclopentadienyl manganeseA@p),
namic tendency towards forming ferromagnetic second phaséss-cyclopentadienyl magnesium (&yg) and silane (Sik)
and/or nanoclusters increases in the complexity of this field. ltvere used as the nitrogen, gallium, aluminum, manganese, p-,
is often unclear whether the observed ferromagnetism is due #nd n-dopant sources, respectively, foryGMn,N. A Ren-
substitutional Mn ions in the semiconductor lattice, unwantedshaw micro-Raman system with a 488 nm excitation source was
precipitates, or a combination of both. used for Raman measurements. High-resolution X-ray diffrac-
All of the current models for explaining ferromagnetism showtion was performed with a Philips‘Rert Pro diffractometer.
a gradual increase in the Curie temperature with increasing MBecondary ion mass spectroscopy (SIMS) depth profiles were
doping level. Dietl et al[1] proposed the original theory that performed on the samples using an Atomika Instruments lonmi-
predicted highTc in the wide bandgap materials, suggestingcroprobe A-DIDA 3000. Atomic force microscopy (AFM) was
that ferromagnetic ordering in Mn-doped dilute magnetic semiperformed using a PSIA XE-100. Magnetic properties were ana-
conductors is mediated by the charge carriers in the materiadlyzed using a Quantum Design MPMS 5S SQUID magnetometer
This carrier-mediated mean field p—d exchange theory prediciat temperatures from 5 to 300 K; additional room temperature
a Curie temperature that is dependent on the localized spin comagnetization measurements were performed with a Lakeshore
centration as well as carrier concentration. Room temperaturé404 Vibrating Sample magnetometer. Transmission measure-
ferromagnetism is predicted at Mn concentrations above 5%ments were performed using the red and infrared spectrum of a
Using first principles, it has been shown that the band struchalogen lamp with the transmitted light was detected by a pho-
ture of Ga_,Mn,N exhibits a strong splitting in the density of tomultiplier attached to a 0.24 m monochromator with a spectral
states function within a midgap impurity bafidi—17] Usinga  resolution of better than 6 nm. Some samples were subsequently
mean field approximation and Zener’s double exchange modeinnealed face-down on GaN templates in flowing nitrogen ambi-
the Curie temperature has been predicted to be above room teent at temperatures ranging from 700 to 900
perature at concentrations of 1%, however, more recent Monte
Carlo simulations suggest that this prediction does not hold an8. Results
that due to the highly localized nature of the Mn wavefunctions
in the deep acceptor levil8], the Curie temperature should be  The as-grown films Ga.,Mn,N were specular and exhibited
less than 100 K. An alternate method for impurity band forma-increasing reddish color with increasing thickness and Mnincor-
tion suggests that formation of magnetic polarons may promotporation. Varying the temperature outside the optimal growth
the formation of a spin split impurity band1], though this  band resulted in the appearance of hexagonal GaN growth tem-
should occur after some sort of percolation limit. Thus, the magperature defects which were visible via optical microscopy, or
netic behavior strongly depends on the amount of manganese the loss of film integrity as evidenced by in situ reflectometry.
site disorder. Developing a comprehensive model for the differSIMS verified the uniform incorporation of manganese within
ing behavior in this system will require an analysis of how thethe layers. In the X-ray diffraction scans, no second phases were
processing technique affects the Mn atomic arrangement. It isbserved in the as-grown samples as showFignl The posi-
interesting to note that all of the reported Curie temperaturetion of the Ga_,Mn,N peaks did not shift relative to the GaN at
for Gay—Mn,N fall within the limits of the metallic perovskite low doping levels, indicating a lattice parameter similar to that
phase Mg_,Ga:N1_,, which exhibits Curie temperatures from of GaN. Renninger scans have recently been demonstrated as
270 to 743 K with increasing manganese concentration due tan effective tool for monitoring crystalline quality in Wurtzite
Ga—Mn site disorder. This materials system has been shown to lteyers[21]. A phi scan at the GaM(0 0 1) reflection in GaN
one of the key decomposition products under annealing or noraend Ga_,Mn;N with no underlying GaN template is shown
optimal growth of these compounf®,20], and this phase does in Fig. 1 The two curves virtually superimpose, indicating lit-
have arrangements where it is commensurate with the wurtzitie degradation in overall structural quality in the GgMn,N.

lattice[10]. Linewidths forw—29 scans on theQ(0 0 2) and(10-12) reflec-
tions in samples doped atl% Mn were 150 and 522 arc sec,
2. Experimental compared with 179 and 518 arc sec for the underlying template

layer. Upon annealing in non-reactive nitrogen atmospheres at

Ga_Mn,N films with Mn concentration up t6-2% were  temperatures as low as 700, other phases appeared in the
growninan MOCVD D-125 rotating disk reactor with a short jar «—29 scans.
configuration and specially designed reactant injection system Additional information about the growth mechanism of
which has been modified with dual injector blocks to min-Ga_,Mn,;N and annealing effects is derived from studies of
imize prereactions of the gallium and manganese precursosirface morphology using atomic force microscopy images to
in the transport phase. Mn concentration in the film was varstudy the Ga_,Mn,N layers.Fig. 2 shows images of a typical
ied up to~2% by controlling the molar flow ratios of the as-grown layer and a layer annealed at @00The overall film
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GaN temperatures. The AFM image of the uncapped sample annealed
ALO, at900°C shows clear areas of whatis likely second phase precip-
(0006) itate on the surface. This suggests that the primary mechanism
for the decay of the thermodynamically unstable; G&n,N
compound is nitrogen desorption and phase rearrangement of
the surface at the Ga,Mn,N-to-atmosphere interface in the
absence of a reactive nitrogen environment that is present dur-
ing MBE or MOCVD growth. This decomposition mechanism
may also explain the enhanced thermal stability of G&r,N
films [22], which have a higher Cr pinning impurity band level,
and thus less of a thermodynamic tendency for nitrogen vacancy
formation[23] which would lead to structural degradation of the
10— films.
SQUID magnetometry was performed to determine the over-
@) Degrees (26) all magnetic behavior of the MOCVD-grown @aMn,N
films. Ferromagnetic hysteresis was recorded in the as-grown
Ga_ Mn;N films. No evidence of second phases or super-
i paramagnetic clusters was observed in the magnetic property
data. Fig. 3 shows representative magnetization behavior of
these samples. The curves are shown at 300K; in general,
. there is little deviation for these curves at 5K, indicating that
the hysteresis is likely due to a phase with a high Curie tem-
perature Tc >400K). The saturation magnetization of the as-
grown Ga_,Mn,N samples withx=0.008 is 1.16< 10* A/IM
which, based on the expected doping levels associated with the
JGaN L1 [ precursor molar flows, corresponds to a magnetic moment of
2.4ns/Mn. Vibrating sample magnetometry confirms a stronger
r : T . moment with field parallel vice perpendicular to the plane of the
0 2 0 w2 30 film. As seen irFig. 3, upon annealing at 80 (where traces
(b) Phi [Degrees] of surface precipitation may be seen via AFM) the magnetiza-
Fig. 1. (a) XRD scans of undoped (bottom) and Mn-doped GaN (top), exhibitingiON Of the same sample drops precipitously. There is still some
no observable change in lattice parameter, phase purity, or XRD linewidth. (brea remaining in the hysteresis loop observed in this sample,
Renninger scan of forbidden GaNg 0 1)peak in undoped (bottom) and Mn-  indicating either that the ferromagnetic phase is not completely
doped GaN (top), along with the predicted location of the XRD double reflectionggt or there may be a small contribution from local areas of the
peaks. alloy that were unaffected by the anneal or that consist of ferro-
magnetic second phases. A similar behavior for the magnetism
quality is smooth as clear step flow growth patterns are seen iis seen in the MOCVD-grown samples co-doped with silicon,
the as-grown MOCVD sample scans, which are typical of two-where prior to co-doping, a large magnetic moment per atom
dimensional growth modes in GaN MOCVD. The root meancan be seen. The magnetic moment decreases with increasing
square (rms) values of the surface roughness are between 0.3 diddoping concentration and is nearly destroyed upon a target
1.1 nm, depending on the underlying template layer. This moddoping concentration greater thant¥em? Si.
does not change with the introduction of Mn into the growth pro-  The large decrease in the magnetization with co-doping and
cess. There is little change in the morphology of the layer withannealing suggests a common origin to the deterioration of the
low temperature annealing (70G). However, there is a sig- magnetic properties of Ga,Mn,N. Recall the impurity band
nificant difference in the AFM images with annealing at highermodels of ferromagnetism (double exchange or exchange split
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Fig. 2. Atomic force microscopy images of GaMn;N (x=0.015) terminated MOCVD-grown Ga,Mn;N samples, as-grown and annealed at9D@or 5 min.
All scans are 1Qum x 10pum. rms roughness values from left to right are 0.568, 0.594, and 0.771 nm.
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350 1 well as an increase of its FWHM and its intensity with increasing
Mn concentration. M#" transitions from the E state to the par-
tially filled T levels of the’D state are assigned to the observed
absorption band; the broadening of these states is due to the
high Mn concentratiof17]. In comparison, no such absorp-
tion peak was observed in GaMnN epilayers that, by co-doping
with Si during growth, had been prepared to exhibit n-type
behavior. The absence of the absorption band around 1.5eV
in the Ga_,Mn;N layer co-doped with silicon indicates sen-
sitivity of the E to T transitions to the position of the Fermi
level. The Fermi level is shifted towards the conduction band
because electrons are present at deep defects. No other absorp-
tion features were detected further in the infrared spectral range
(down to 0.5eV). This suggests that the location of the Fermi
level in the investigated samples in the broad absorption band
. _ o _ is around 1.8 eV above the top of the valence band, and even
Fig. 3. Magnetization vs. applied field taken at room temperature with the . .
applied field in the plane of the film for: (A) as-grown GaMn,N (x=0.008), closer. to the conduction band than for the Si co-dqped sample.
(B) as-grown Ga_,Mn;N (x=0.015), (C) following 800C anneal, (D) co-  Electrical property measurements on the G&In;N films are
doping with high levels of silicon¢1e20). Note the decreased magnetic signa- highly dependent on the underlying layer; for films grown with a
ture with annealing or silicon co-doping. Ga_Mn,N vice GaN buffer layer, the samples are too resistive
to measure by standard means, consistent with the assignment
polaron models) in the DMS described above. In order to be ablef a deep trap state. However, an unambiguous proof that this
to support ferromagnetism, the Fermi level of the system mus¥in-induced band causes RT FM via a double exchange-like
be in the spin split DOS Mn-impurity band, which is essentially interaction is still needed and will be addressed by spin-sensitive
midgap. The Fermi level must lie below the Rf?* acceptor  spectroscopic techniques.
level so that the T band is only partially filled and can support A more detailed study of the local and long-range lattice
hopping and double exchange-like mechanism that stabilizgsroperties was performed by Raman spectrosdeéigy.5shows
the ferromagnetism. Increasing the Fermi level by introducingRaman spectra for the as-grownGavin,N samples and the
donor states through either Si-codoping or annealing inducebn-implanted samples. The spectra are dominated by the GaN
nitrogen vacancies above this level results in trapping of donoE, (high) mode at 569 cmt. This peak is shifted by 2 cmt
electrons, which fill the Tband. A conversion from the M from the relaxed value of 567 cmh due to tensile strain as
(d* to the Mr* (d®) configuration ensues, thus eliminating the a result of the growth on sapphire substrates. Other Raman
hopping pathway necessary for ferromagnetic ordering. modes detected at 735, 560, and 533¢rA1(LO), Ex(TO)

In order to reveal the charge state of the incorporated Mrand A (TO), respectively) were assigned to the GaN host lattice.
ions incorporated in GaN, both transmission and emission studrhe presence of a strong & O) mode confirms the absence of
ies were performed. The incorporation of Mn into GaN lay- free carriers within this system due to the large binding energy of
ers during MOCVD growth leads to a broad absorption bandthe Mn acceptors. No correlation of these modes to the Mn con-
a spectrally diffuse line around 1.5eV, as shownFig. 4. centration was observed by Raman studies. The Raman modes
These transitions have previously been observed in MBE-growaround 160, 300, and 669 cthappeared to be more sensitive to
and implanted GaMnN epilaye{g4,25]. The relatively large Mnincorporation. The intensities of these modes increased with
FWHM of ~150 meV for this absorption band was observed, adMn concentration, but no significant shift in their mode ener-
gies was observed. Similar behavior was detected for a shoulder
near 610 cm?, though low intensity prevented deeper insight
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Fig. 4. Transmission spectra of GaMn,N with varying Mn concentrations. The fea_tur,es near 669 cth We.re StUdled. In more. detail,
In addition, a transmission spectrum of a co-doped_Gdn,N:Si sample is @S Shown inFig. 5. An asymmetric broadening of this mode
shown. The spectrum of the Si co-doped sample is vertically shifted for clarityrevealed a substructure that can be fitted with an additional mode



234 M.H. Kane et al. / Materials Science and Engineering B 126 (2006) 230-235

T | ahibidiid hbbdidar

RTA,

exe

= 488nm, z(..)z|

- - - -Sapphire

GaMnN:Si

Raman Intensity (norm. to E,(high))
Raman Intensity (norm. to E;(high))

i
I
1
) ] L
)

1 T T T T T —~—— T
300 400 500 600 700 800 550 600 650 700 750

(a) Raman shift (cm-1) (b) Raman shift (cm-1)

Fig. 5. Raman spectra of GaMn,N with increasing Mn concentrations. A disorder band at 300cand vacancy-related band at 669chare visible. (b) Si
co-doping decreases the intensity of the 669tmode.
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